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FOREWORD

Tids interim technical report was prepared by The Ohio State University,
Golumbug, Ohio, on contract AF 33(616)«7451, for the Aeronautical Research
Laboratories, 0ffice of Aerospace Research, United States Air Force. The work
reported herein was accomplished on Task 7065-01, "Fluid Dynamicg Facilities
Research™ of Project 7065, "Aerospace Simulation Techniques Hesearch", Technical
nmonitors for the contractusl period January 1960 to April 1962 were Mr. Fred Deum
of the Hypersonic Research lLaboratory and Mr. Fmil Walk, Fluld Dynamics Research
Facilities laboratory of ARL.



ABSTRACT

The ARL Tventy-Inch Hypersonie Wind Tunnel ig a blow-down type, free-jet in-
stallation that can deliver air at Mach numbers from 8 to 1h at free stream Reynolds
numbers of 107 par foot to 0.3 x 10° per foot.

The report discusses some of the initial considerations influencing the con-
figuration of the facility and presents thecoretical performance estimates of its
aerodynamic components; i.e., the electric resistance heater, the nozzle, the dif-
fuser and the vacuum supply. Operational characteristics such as mass {low rates,
electric power requirements, sphere evacuation rates, etc., are also treated for
the full range of Mach numbers, Brief discussions on the extension of testing time
and on the character of the delivered air flow are included.

Mechanical design, control systems, and wind tunnel instrumentation of the
facility are not considered.
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DESIGN PERFORMANCE AND OPERATIONAL
CHARACTERISTICS OF THE ARL TWENTY- LNCH
HYPERSONIC WIND TUNNEL

I. INTRODUCTION

The Twenty-inch Hypersonic Wind Tunnel {I'W{) o the Aercnautical. Research Labora-
tories is designed to produce high Mach number air flows at moderate Reynolds num-
bers. It ic the second of a series of facllities being developed Bt ARL to examine
the {low phenomena assoclated with hypersonle air streams. The first of the series,
a three-inch diameter, continuous flow, hypersonle wind tunnel is operational and
has been reported Iin Reference 1. A third facility, a 30-inch exit dlamecter, Mach
20, blow-down type wind tunnel 1is presently under construction.

: The Twenty-inch HWT is an intermitient flov, free~jet racility that uses con-

© toured, axisymmetric nozzles to produce high Mach number air flows. A Chicago Pneu-
natic air compressor provides a maximum stagnetion pressure capability ot 2500 psia;
a 1600 KW electric resistance heater allows stagnation temperatures of 2800°R to be
reaichad, A vacuum pumpigg station consisting of 12, two-staged Allis-Chalmers vacu-
um pumps and & 35,000 £t/ vacuum sphere maintain the required pressure ratio across
the nozzle during tests. The electric power for the entire facility is supplied
“from a 2000 KVA substation.

Figure 1’ presents the designed range of operation oI‘ the Twenty-inch HWT in
terms of Mach number and Reynolds number. .At a given Mach number, the highest Rey-
nolds number is defined by a combination of maximum svailable stagnation pressure
- and liquefaction effects; the lowest Reynolds number is deteérmined from the minimum

‘stagnation pressure which will maintain isentropic flow through the nozzle at the
. maximum stagnation temperature. For this curve, the minimum stagnation pressure was
obtained by assuming that & total pressure behind & normal shock of 30 mm Hg was
necesgsary. This Mach number-Reynolds number map illustrates the broad simulation
,capability for. the T\«anty-inch HWT,

"An analysis of the major components of the facility, tha.t is, the air hester,
nozzle, diffuser, etec., is the prime concern of this report. The design criteria
for each component is discussed and the theoretical performance estimates presented.
In order that this report may serve as a guide to the planning of research programs
in the facility, the operational characteristics, for example, mass flow rates,
power requirements and run times,; are also presented. The mechanical design, in-
strumentation snd. control systems are not treated. : : ’

Following a brief description of the facility ang its operation, each major
system is discussed and the performence analyses made. The operational character=
istles are then presented, followed by the Appendices which give the derivations of
some of the pertinent equations. :

Manuscript released March 1962 by G. M. Gregorek and J. D. Lee for publication as
an ARL Technical Documentary Report.



II. DESCRIPTION AND OPERATION OF THE WIND TUNNEL

GENERAL DESCRIPTION

The Twenty-inch HWT 18 classified as a blow-down, free-Jet, hypersonlc facility
that uses axisymmetric, contoured nozzles of 20-inch exit dlameter to develop high
Mach number flow. To produce this high Mach number, several major components are
required. These are:

(1) s high pressure air supply
(2) an air heater

(3) a nozzle

(4) & pressure recovery system
(5) & vecuum supply

Suitable controls, performance monitors, and & test cabin where the models may be
inserted into the stream are also required. The complete test stand is shown sche-.
matically in Figure 2. B : :

To provide a high pressure supply, a Chicago Pheumti_c' Alr Compressor 1ndué£§
air, passes it through silica gel drygrs to remove water vapor, and then stores the
‘air in tanks with a volume of 1300 ft” at pressures up to 3000 psia until needed for
-tests.

The high expansicn rates required to produce hyperson’ic flows can cause static
air temperatures to fall below the liguefaction point; to prevent liquefaction, then,’
the air must be heated prior to entering the nozzle. The heater for this facility -
is an electric resistance type made of many elements of "Kanthal™ A<l wire, a ferro-

. chromium alloy, formed into loops supported on alumina rods.” The total heater is
divided into five sections, each "Y" connected scction supplied from a three-phass
h0~volt bus and separately controlled. Maximum design. temperature capability of

the heater is 2800°R and maximum power dissipation is near 1600 KW . .

After heating, the air is accelerated to tkhe desired level through the nogzle. -
The nozzle has an axisymmetric contour and ls designed to use interchangeable throats.
Tvo throats are presently available, one delivering a nominal M = 12 flow and the
other delivering a nominal M = lk flow.. These throat sections are copper end use
back-side water cooling to dissipate the high heat flux produced during tests. -

Once the flow has passed through the test section the stream must be slowed
with a minimum of losses. The deceleration is accomplished by s diffuser, which for
this facility is axisymmetric and consists of a convergent section, & constant area
section, and a diverging portion leading into a heat exchanger. The heat exchanger
decreases the air temperature, protecting the vacuum pumps, which have an inlet air
temperature limit of 130°F and decreasing the volume flow rate to the pumps., The
heat exchanger is considered part of the pressure recovery system as a sizable pres-
sure drop may occur across it, adversely influencing the over-all operating ef-
ficiency.



In order to maintain isentropic flow through hypersonic nozzles, large pres-
sure ratios are necessary. To reduce the required stagnation pressure and still
keep the flow isentropic, a vacuum may be applied to the downstream portion of the
nozzle. For this facilibty, this vacuum is supplied by the 12 Allis Chalmers 27-D
vacuun pumps and by the vacuum sphere.

The vacuum pumps have a two-stage configuratmn, 10 vacuum pumps exhausting
into two. The maximum pumping rate is 25,000 ft3/min.

OPERATION

When o test is to be made, the wind tunnel has the nozzle throat for the speci-
fied Mach number fitted in place. The desired Reynolds number is determined by &
proper choice of stagnation pressurc and stagnation temperature., These conditions
also fix the power required of the air heater to produce the temperature rise and
consideration can be given to the proper distribution of the power in the heater.
When these advanced. select:.ons have been made, the test may proceed.

The first step is to evacuate the vacuum sphere using the 12 vacuum pumps.- :
Tphe sphere is then closed off and the pumps stopped. High-pressure air is started -
through the heater to & by-pass valve which directs the air to the atmosphere.. -

_ The by-pass valve is a requirement of the system because of the intermittent
. operation of the facility. A time intervel of five to ten minutes is required to .
stabilize the air heater &t the proper temperature, hence, a system to by-pass the .
~ vacuum sphere 1s necessary. Also, available electric power does not allow simul- -

A __taneous operation of the vacuum pumps and air heater when large heating rates are

" required. The possibility of partisl power distribution to the air heater and of :
. partial power distribution to cperate a portion of the va.cuum xzumpa exists and will--_ L
‘be discussed in a later section. : . : . ’

) With air at the proper stagnation pressure floving through the heater, vari- ST
able resistors for thé first four hedter sections are positioned and the controlla- .
ble last section set. The electrical power to the sections is then turned on in .~
. 8equence, - As the air temperature approaches the desired stagnation temperature, .
pover to the last section is monitored and controlled au'bomatically 80 that the
stagnation conditiona are reaehed and then maintained Do

: When the stagm.tion conditions are steady, the vacuum valve to the sphere is
cpened &nd the by-pass valve closed. The flow then expands through the nozzle ;nto .
. the test section and from there into the diffuser. Data are taken from the time.
that flov is established until the flow breaks down bechuse of a decmse in the
nozzle. pressure ratio as the sphere presaure increases. '

Af‘ter the 1sentropic flow breaks down, the power is turned off and the by-pua
valve opened to allow the heater to cool by exhausting air into the atmosphere. The
tunnel vacuum valve is closed and the vacuum pumps started to evacuate the sphere
to begin another test sequence. . Depending upon the particular test conditions and-
the sphere pressure at the end of the test, the cycle tine bet\men tests my vary
from 20 to 30 minutes.

During the test, several critical performance fpaz‘ametari are monitbied to en-
sure safe operation of the facility. Besides the stagnation temperature and
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stagnation pressure, which are maintained and recorded automatically., temperatures
in key areas, such as the nozzle throat, heater wires, heat exchanger entrance,
vacuum pump entrance, cocling water, etc., are recorded constantly and a panel
alarm system ls triggered by any over-temperature condition. The operator may
then take proper action correcting the malfunction or tesminating the test with
exergency shut-down procedures.

III. DESIGN PERFORMANCE

The performance of the major systems of the Twenty~inch HWT will now be con-
sidered and theoretical performance curves presented. These analyses are extensions
of the initial design calculations and include discussions of the design criteria
influencing the particular componant.

HIGH PRESSURF AIR SUFPLY

: The high pressure station is part of the physical plant that services the three
hypersonic facilities. Application of the station to the intermittent Twenty-inch -
HWT cperation requires only that the compressor provide a sufficiently high storage
pressure to allow the maximum design stagnation pressure of 2500 psia to be main~
_tained for the duration of a test run.

- . For.a typical test, assuming a mass flow rate of 3 slugs/minute for 10 minutes,
"~ the storage pressure would drop less than 200 psia. Therefore, if initially charged’

“to 3000 psia, the 1400 rt5 storage tanks provide an adequate supply for two tests at
the maximum stagnation pressure of 2500 psia. Allowing for the ecyele time required .
to evacuate the sphere between. tests, during which the compressor can be operated to
- replenish the storage tank pressure according to the curve of Figure 3, at least one
“more test at maximum pressure may be performed.

Considering the down time in any research program, that is, the time required

- to alter or change models, calibrate, instrumentation, etc., the limit of three con-
secutive teste at 2500 psia is not considered a disadvantage. Further, the msjority
of the tests will be conducted et stagnation pressures below maximum snd et lower
mass flow rates than the illustration; hence, the compressor station will serve the
_'hrenty-ineh HHT adequately, .

- The Kemp Silica-cel dryers are also considered as part of the high pressure air
supply. These dryers have the capability of delivering air at 3000 psia to the
storage tanks at dew-pointes of -60%F; a sufficiently low value to assure dry air
for test purposes. .

AIR HEATER

The air heater is required to deliver heated air to the nozzle of the wind
tunnel over a wide variety of operating conditions. To provide this air at tempera-
tures close to the melting point of the heater material, a careful analysis of the
heater is necessary. In the initial design phase, two eriteria present themselves:



(l)_ The air heater must be able to dissipate enough power to
heat the maximum desiyn mass flow to the design temperature.

(2) The air heater's size must be compatible with the physical
plant.

The maximum mess flow is determined by many factors: the over-all size of the fa-
cility, the Mach number range, the maximum pressure available, etc. For the present
wind ‘tunnel, the available physical plant resulted in a facility with & nozzle exit
diameter of 20 inches, a Mach number range from 8 to 14, and & maximum pressure of
2500 psia, These factors fix the maximum mass flow rate. The temperature require-
ment is determined from the stagnation temperature necessary to maintain a lique-
faction free air flow.

The electrical power required to oblain this temperature can be delermined Crom
the relation

Q =m (hyy - hijy) x 1.356 x 1072 KW (1)
wher'e A
. m 1is mass flow rate in slugs/sec
h is enthal.py in ft lbs/siugs

" The maximum temperature also determines the material with which the heater may be
made. As this facility uses air as the working fluid, the choice of high tempere-
ture, easily worked, thermal shock resistant material that resists oxidation is
limited. A ferro-chromium wire, Kanthal A-l, was chosen for use in the heater.
Its melting temperature is 35210°R and it is relatively easily worked.

Wifh the total-pover known and the type of material selected, the configuration
of the heater can be examined to determine thie size. The method of power dissipa-

tion 'is mainly through convection from the resistance elements and therefore is
governed by the expression .

-Q = hol ('fvire - TAi;:‘) . ’ . o _(2)
-whezjé
‘A is the wire- surmce area and,
hc is the convective heat transfer coeft‘icient which for staggered
" eircular: cylinders ia found to be : . .

ke (Dozs b S e

These two equations lead to two important considerations. 'me first is the power
density, Q/A, the power dissipated per unit area of wire surface. The second con-
sideration is the velocity through the heater which must be sufficiently high to
maintain the forced convection process.



For a fixed h, in Eq (2), note that the higher the power density, the greater
the temperature difference between wire and air. To allov air temperatures to in-
ecrease to values close to the wire temperature for this design--an air tempersture
of 2800°R is required with a vire temperature limit of 2920°R for maximum continu-
ous operation--a low power density is necessary.

However, vhen power density is low, & large amount of wire is required to
absorb a given power. As this wire mst be packaged in a configmzation which will
fit the physical size requirement, it is necessary to examine tmchniques to minimize
the length of the hester. Anm obvicus way to reduce the length is to increase the
heater cross section; however, as the hester cross section increases, the velocity
through the heater will decrease, adversely affecting the convectlive heAt transfer.

From the equation governing the heet transfer coefficient, by, Eq (3), the two
parapetars which pmmy be adjusted to majintain h, at & bigh value are the wire dlane-
ter and the Reynolde number; the other factors are properties of' the fluid. As the
wire diameter I8 fixed by practical consideraticis, such s strength and workebility

_at 0.1bkh-inch diameter, (o standard size) only the Reynolids number may be varied,
eand this by. changing the cross~aection&l area of the heater and thus varying the
velocity through the heater.

The ur-velocity_thmugh the hester may be found from the continuity relation

) P, A* S S
e 0 s ;
'1!_-m llpn\ln‘x_ I (h)

‘after substitution of Py o py BTy and sssuming Py = P,

“ﬂ:‘%'n.s'%'\/? - B
The heater crou-ueti.ou ares An can be selected to pz'cvide ﬂu _proper velocity
through the heater. Two velocity limits must be c ~widered: )

(1) A maximum velocity, determined by the dymnic preuurc lom
" on the vire aod supporting structure.

‘(2) A minisum velocity, dournimd by tho lou of the forced
. eonvection process.

Of the two limits, the second is the most critical. nx'pcz-uuec bas shown that,
© st veloeities under two feet per second and near maxiamum temperstures, the free cone
vective currents within the heater are of the sawe order as the velocity through the
heater, giving an uneven vertical temperature distribution which can result in wire
© failure. With these factors considered for the required wide range of heater oper-
ation, the cptimum cross section for the heater was chosen and is shown in Pigure &4,
The velocities through this heater are given for selected conditions in Pigure 5.
The ninimm valoeity refers to velocity through the open portion of the heater, the
maximus velocity refers to the velocity past the wires, through the minimum area of
the heater cross-section.



An effective methed by which to achieve a significant reduction in heatex
length is to teke advantage of an increased power density at the cold end of the
heater. In this manner, the temperature difference between wire and air can be
made large, and proper design can be used to maintain the wire temperature at safe
levels. The power distribution for this heater is shown in Figure 6. Values of
the pover demsity vary from 188 watts/in® at the cold air inlet to 30 watts/in® at
the hot air exit. These values are based on the hot resistance values; at 2800°R
the wire resistance is 4% higher than at room temperature.

The final configuration of the heater can now be settled. An analysis out-
lined in Appendix A and presented in Figure 7 indicates the heater may deliver the
design stagnation temperatures safely at M = 12 and M= 14, Temperature require-
ments for M = 10 and M = 8 are low enough and velocities high enough such that no
critical conditions are reached.

Initial plans called for the first four sections (5, 4, 3, and 2) of the
heater to be controlled by a simple "full on" or "all off" arrangement. The last
section (I) was to be controllable and to adjust automatically the power reguired
to maintain the proper temperature. For low power applications, sections wvere to -
be turned off as required. This {ype of operation is shown in Figure 7b. To ine
crease the flexibility of opraration, variable resistors were added to each section
to give complete control over the operation of the heater, - For low power applica-
tions it is now possible to use all the sections, but at & reduced power demsity,
thereby giving a more fa.varable operation of the heater. This type of operation is
shown in Figure Te. - - - -

'NOZZLE

An axisyxmetric s contoured nozzle is fitted to ‘che win:l tunnel. The thwoat

~ sections for the contour are interchangeable, enabling the contour to serve for.
several delivered Mach numbers by using throat sections of varions diemeters. This
concept of a-"Poly-Mach number" nozzle contour was advanced in Reference 2. While
this contour i§ not "exact,” in the sense of & contour cbtained from the method of
characteristics, its use in this .E‘acility was dictated by many factors:

(1) For each desived Mach number there is onme gontour which will
" be cbtained from characteristic theory for a given initial

. divergence angle. Therefore, for each Mach number, o nevw

. nozzle is required. ’ : C

(2) '-Present day knowledge of hypersonic growth rates in mzzles
under high pressure and tempersature gradients is limited, and,
as the boundary layer growth must be sdded to the inviscid

-.cohtour to obtain the physical configuration, any insccuracies
in the predicticn of the boundary layer will result in an in-
vihcid -contour vhich is not the desired chsucteristic one.

(3) As boundary Z_layer grovth is a function of Reynolds number, the
© nozzle would be limited in its operating range of Reynolds num-
ber if 1?. is to mintain & close approximation of the contour.

(4) Tre excessive 1ength of the exact contour crea.tes other problems
for this facility, for example:
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i Installation of a iong nozzle in a facility where
there is a physical space limitation.

ii High nozzle starting pressure ratios, which appear
to be functions of the nozzle throet to diffuser
throat distance as reported in Reference 3.

i1i Very large boundary layer thicknesses which decrease
the effective testing diameter.

With these considerations in mind, a minimum length contour was determined
from an expression of the form

Yo - Y = Kg (Xe - X)2 + Ko (Xe ~ X)? (6)

The constants K; and KQ are obtéined by matching the. contour to the end point and
slope of the diverging conical portion of the throat. This procedure is described
in Reference 2 to approximate the exact contours- obteined By characterivstic theory.

_Te this inviscid contour, the boundary layer thickness must be added to obtain
the physical contour. An empirical relation for the displacement thickness, found
to be valid for axisymmetric nozzles 1n this mch number, Reynolde number range is,
Reference 2,

s* ML.25 j ' _
%= 0.006H ® b o - (7) ,

where the Maeh number and Reynolds number are hased on the free stream conditions
at the nozzle exit.

The final contours are shown in Figure 8 The boundéry layer displacement
thickgess is based on & design Mach number of 14 and a free stream ‘Reynolds number
of 10° per foot. The core of isentropic flow is also shown in the figure. i% has
been estimated. from the empirica.l relation

S-as . - (@)

Note that the <dge of the boundary layer, &, penetrates into the test rhombus.
of uniform flow defined by a Mach-wave emanating from the inviscid curve., This vis-.
cous region decreases the test radius at. the 1G0-inch station from 8.5 inches to
less than 3.5 inches. From the figure it appears that shortening the nozzle may
reduce the apparent reglon of uniform flow, but will incresse the usable core. For
this reason, the nozzle contour was cut off at the 120-inch station, giving a usable
core of about 4.8 inches. The slight penalty of Mach number gradient and flow angu-
larity in the reglon abovethe Mach wave was accepted for the 37% reduction in length
of the nozzle.



For ease of manufacture, the nozzle is constructed of sections of steel tubing.
. A contour lathe follows a template matching the physical contour and machines two
sections of tubing at a time. In this manner, the joints between each section are-
machined together keeping them smooth and maintaining a continuous contour., In
general, the Joints are not critical because of the thick boundary layer covering
the nozzle; however, in the throat region, where the boundary layer is still thin,
care must be used fto keep the Joints as smooth as possible to avoid undesirable
wave patterns.

The throat sections are pure copper to make use oi its high corductivity to transfer
the heat from the throat to the back side water cooling tubes. Estimates of the
heat transfer rats in the nozzle throat using the technique of Reference 4 indicate
that the cooling is adequate to keep throat temperatures below SOOOF.

PRESSURE RECOVERY SYSTEM

The deceleration process of the hypersonic stream after it has passed through
the test section is quite important. Efficient pressure recovery can extend the
running time and/or increase the Reynolds number range of the facility by enabling
operation at low gtagnation pressures. This pressure recovery is accomplished in
.a diffuser, which is not easily treated analytically. Consider that the hypersonic
diffuser encloses a thick,cooled, boundary layer that is subjected to high adverse
pressure gradients, shock impingements end weve expansions, and that .the diffuser
must operate satisfactorily with models of different sizes and orientation, which
effect the wave patterns and hence the boundary layer in the diffuser, and -the need -
for an empirical approach to diffuser design may be recognlzed,

Previous work with wind tunnels of configuration similar to the present one,.
References- 3 and 5, indicate that satisfactory performance is obtained from an
axisymmetric diffuser design consisting of a converging section, a constant area
séction and, & diverging section. Such diffusers have efficiencies,_nD; above 85%
where. : .

b :
_ _ total pressure st diffuser exit x 100
p = Pey x 100 = {oRal pressurs at aiffuser entrance (9)

In order to take advantage of this previous experience, a diffuser cénfigura-
tion of this type was chosen. To specify the diffuser, four dimensions must be
fixed: . ) : -

(L) The diameter of the constant aree section

(2) The length of the constant area section

(3) The convergenze angle for the entrance scoop
(k) The divergence angle for the subsonlcrdiffusion

The most critical of these parameters is the diameter of the constant ares
section. This throat area must be large enough to swallow the starting shock
system -- allowing for the boundary layer and the presence of a model -~ yet not
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80 large that once the diffuser has started that it will operate inefficiently.
Rejecting the complexity of & variable geometry diffuser, snd relying on the pre-
vious work a ratio of

Diffuser throat aresa -

" Nozzle exit area - 5625

was chosen for the facility.

The length of the constant area section is also of importance. The shock-down
process does not occur immediately but, because of the shock wave-boundary layer
interactions in the constant area section, occurs over an extended region. ILength-
to~diameter ratios for the constant area seciion of irom 3:1 up to 5:1 have been
used with success. Because of the space limitations of the facility, a ratio of
3:). was selected.

The angles of. the entrance scoop and diverging portion of the diffuser are not
as critical as the previous two parameters. However, the entrance scoop does play
" an important part in the entrainment capabilities of the diffuser upon the free jet,
. As the optimum angle of the scoop depends upon a variety of conditions, Mach number .
and Reynolds number, as well as the model location and orientation as discussed in
Reference 6, a compromise scoop configuration was RA1ected. Figure 9 presents the
.final design of the diffuser. T

For the purposes of discussion and calculation in the report, the heat ex-
changer will be considered a part of the pressure recovery system. "The pressure
downstream of the heat exchanger influences the volume flow rate capabilities of
the vacuum pumpe and the run time of the wind tunnel; therefore, the recovery ef-

ficiency .m will be used to Gescribe the total diffusion process where

—— ) ) B
H total pressure downstream of heat exchang .
n= Pte X lop total pressure at entrance of diffuser - X 100 : (10)

The pressure downstream of the heat. exchanger is made up of the recovered pressure
from the diffuser, minus thepressure drop due to -the heat exchanger. As the heat
exchanger consists of five banks of water-cooled finned tubes transverse to the flow,
sizeable pressure drops may occur across it, and recovery efficlency may be strorgly
effected by the heat exchanger. :

VACUUM. SUPPLY

The low pressure required to operate the facility is obtained from 12 Allis
Chalmers type 27-D vacuum pumps. These pumps are used.to evacuate the 35,000 83
sphere to a low pressure prior to each test run of the wind tuanel.

In order to perform an analytic gtudy of the pumping capaéity'of'the facility

its pumping characteristics must be known. An empirically derived relation for the
volume flow rate, V, of one of these pumps is :

10



P
V = 3150 - 157 % in £t7/min (11)

where
Py is inlet pressure to pump
P> is outlet pressure from pump
This expression is used for all subsequent calculations with the vacuum pumps.

The vacuum pumping station uses a two-stage operation, ten pumps exhausting into
two pwnps. ‘The advantages of staging are:

(1) 1lower sphere pressures
(2) higher volume flow rates at low inlet pressurc

To illustrate the advantages of this staging, consider the following pumping
configuration:

Let n; purps be in the first stage
np pumps be in the second stage
Py be inlet pressure to first stage
P2 be in;terstage pressure
Pa'be;exit pressure of the second stage, the amblent pressure

For the first stage then, the volume flow rate is

Py
V1 = np 3150 - 157 i) (12)
For the second stage
P
a
V2 = oy 3150 - 357 p; (13)

Employing the continuity relation, and after substituting for the perfect gas re-
lation and noting that a second stage heat exchanger will maintain a constant temper-
ature:

P P, |

L
V2 = V) gy = mp 3150 - 157 P;;J (1)
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Eliminating Pp from Eg (12) and substituting into Eg (14) the volume flow rate into
the first stage of a two-stage configuration is found to be

ng (63,200 - 157 P, /P;)
vy = g (15)
(1 + 20.05 23 )

As a comparison, a single stage system of nj + np pumps has & Flow rate of

P
V= (ng + np) |3150 - 157 -1% (16)

The minimum pressure which can be reached occurs at V = 0; therefore for the two-
stage system

157 B
Pl':- 3’200 Pa—l.9mmﬂg

and for the single stage

1
P1=mPa=58_mmHg

The second effect of staging is shown clearly in Figure lO. The dashed line in-
dicates six pumps in parallel and may be compared with the two-stage configuraticn
of five into one vacuum pump. Staging has straightened the flow rate curve to some
extent, keeping the flow rate almost constant at 12,500 ft /rnin until an inlet presc~
sure of about 20 mm Hg. Note that below 105 mm Hg it is preferable to use staging;
however, above this pressure, paralleling the pumps will give higher pumping capacity.
As low sphere pressure is required for this facility the sbaging system was used.

_ Pigure 10 presents the volume flow rate for several pumping compbinations.

IV. OPERATIONAL CHARACTERISTICS

MACH NUMBER RANGE

. This pottion of the report deals with quantities of an opera.tional nature,
i.e., mass flov rates, power requirements, evacuation rates of the sphere, etc. To
cover the entire range of operation.of the facility, Mach numbers of 3, 10, 12 and
1k are considered. The nozzle throat sizes, based on the boundary layer growth rate
of Eq (7) are:

Mach No. Throat Size
8 1l.312 inch
10 0.557 inch
12 0.403 inch
14 0.230 inch



MASS FLOW RATE

The mass flow rate delivered by the wind tunnel is an important cheracteristic
which determines the power required for given stagnation conditions and the run time
for the blow~down facility. In Figure 11, the mass flow rate is presented &s a
function of the stagnation pressure and stagnation temperature., Bssed on the re-
lation

m = slugs/sec (17)
AR

the mass flow rate may be noted to vary from values of 2 slugs/sec at M = 8 to 0.02
sluge at M = 1k,

POWER REQUIREMENTS

With the mass flow rate known for given stagnation conditions, the power re-
quired to obtain these conditions msy be determined from the expression’

Q=1 (Ng - hy) x 1.356 x 1077 KW, )

The influence of the large mass flow rates at M = 8 is clearly shown in Figure 12.
The constant power curves indicate high temperatures possible only at low pressures;
whereas at M = 14, the constant power curves blankeit the entire pressure, tewpera-
ture range. ) : . ) . . :

EVACUATION RATE OF SPHERE

. Prior to each test, the sphere must be evacuated. Depending upon the initial
Mach number and the duration of the test, the required initial pressure can vary
from 10 mm Hg to the minimum,possible, 2 mm Hg. The rate of evacuation of the
sphere is therefore seen to be &n important parameter in the cycle time between
tests. Following the derivation of Appendix B, the evacuation rate is found to be

Ct

B B] TV
P —E+{Pi - E] e

vhere Band C are constants that depend upon the number of vacuum pumps operating in
each stage:

(19)
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(152 ny Pg)

n2
60 (1 + 20.05 HI)

(20)
63,200 ny

60 (1 + 20.05 ;3)

1

Figure 1l3a indicates the time required to recuce the sphere pressure from one
atmosphere to below 100 mm Hg as for several vacuum pumping combinations. Figure
15b presents the rate for pressures below 100 mm Hg. The test run will be terminated
when the sphere pressure has risen to a value such that the pressure ratio across the
nozzle is insufficient to maintain isentropic flow, Hence, it will rarely be neces-
sary to evacuate the sphere from atmospheric pressure, usually only from pressures
of the order of 50 mm Hg. Using an 8 into 2 staging, then, the time required to pull
sphere to 2 mm Hg from this level may be found from Figure 1%b to be about 8 minutes.

TEST TIMES

As this facility is & blow-down type, the sphere pressure will increase &s the
tunnel maess flow rate discharges into it. For each operating stagnation pressure
there is & maximum downstream pressure for which the flow in the nozzle will remain
isentropic. When this downstiream pressure is exceeded, flov will break down in the
nozzle and the test will end. To determine the test time, therefore, two quantities
must be known, the meximum pressure -and the time. 1t takes the -sphere to reach this
pressure.

" Looking tirst at the rise of sphere pressure as a function of time and a con-
stant delivered mass flow rate, Appendix C obtains the relation for time:

t = T:'nxmrﬁ [P-Pi] in seconds o (21)

This expression, based on an adiabatic filling process, indicates that the
pressure in the sphere varies linearly with time.

The pressure that the sphere will attain when the 1sentropic flow breaks down
in the nozzle will depend upon the diffuser efficiency and pressure drop across the
heat exchanger. Convention references diffuser efficiency to the normal shock pres-
sure recovery based on nozzle exit Mach number; however, for convenience, the re-
covery efficiency defined in Eg (10) may be introduced. Mking this substitution
into BEq (21) slong with the substitution for mass flow rate in terms of stagnation
condition, Eq (17), the time to £i1l the sphere to drop out pressure becomes
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60.5 v Ty Py, By
t = m n —I—’; ""P; seconds . (22)

The duration of the test is then determined from the initisl sphere pressure Py,
recovery efficiency n, Btagnation conditions, Ty and Py, and through the normal
shock total pressure retio Pts/Pp, Mach number,

Figure 1 presents run time as & function of these parameters for four Mach
numbers. An initial sphere pressure of 2 mm Hg was assumed for the calculation and
corrections for a thermally perfect gas were applied to the normal shock pressure
ratio, The deviations from perfect gas with Increasing temperature may be observed
to decrease the allowable run times.

EXTENDED RUNNING

Although initial operation of the facility must be of the blow-down type de-
scribed in the preceding section -~ the power available is insufficient to operate
the vacuum pumps, air heater, compressor and other electrical subsystems simultene-
ously -- the installation of an electric substation of larger capacity in the future
warrants an examination of techniques to extend the running time of the facility.

Continuous operation of the facility depends upon the volume flow rate delivered
by the tunnel to the vacuum pumping station. If the delivered rate can be accepted
by the pumping station at a pump inlet pressure thet is low enough to maintain an
isentropic flow through the nozzle, the tunnel will operate continuously. The volume
flow rete delivered by the tunnel Vy, may be obtained from the relation

" 1n £t2/sec (23)

where

Ty, ie the temperature of the heat exchanger, assumed constant,
and where Eq {10) for recovery efficiency and Eq (17) for mass
‘flow rate havc been introduced.

The volume flow rates delivered at the four Mach numbers are.given in Figure 15
as functions of stagnation temperature and recovery efficlency. These curves, to- ]
gether with the performance curves of the vacuum pumping station presented in F‘igure
10 indicated the conditions for which contimous running is possible. It may be
observed that the high flow rates at Mach 8 and Mach 10 require a pumping rate much
greater than the available capacity. At Mach numbers of 12 and 1%, however, con-
tinuous operation does appear feasible for selected conditions.

Consider, for example, possible operation at Mach 12 with pump inlet pressure
at 40 mm Hg. If 12 pumps are operated, Figure 10 shows that flow rates up to
24,000 ft /min may be handled. From Figure 15c the delivered flow rate for a
given recovery efficiency is observed to decrease rapidly with stagnation tempera-
ture. Assuming 1 = 70%, the delivered flow rate is 24,000 ft3/min at 2200°R;
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hence, at this temperature and under the above conditlén& the tunnel would.be
able to operate continuously. -

The recovery efficiency may be observed to influence the results in two ways:
directly through the decrease in volume flow rate with increasing n, and indirectly
through the increase in pump inlet pressure for a given stagnation pressure. It
may be noted from Figure 10 that the vacuum pump volume flow rate increases with
inlet pressure, until the “plateau" is reached. ’

Because starting efficiency is somewhat lower than running efficiency, it is
possible that even with matched volume flow rates the tunnel will not go into flow.
To alleviate this problem, it is possible to use the vacuum sphere to boost the a-
vailable pressure ratio at the start of the test. This may te done by first evacu-
ating the sphere to a low pressure, sealing it off, and then passing the flow. through
the tunnel into the vacuum pumps. When the required stagnation conditions are reaghed
the sphere valve may be opened and the tunnel brought into flow. The sphere pressure
will increase and, as the pressure rises the vacuum pumps will accept more of the de-
livered volume flow. If the vacuum pumps are able to handle all the delivered ilow
at an inlet pressure below drop-out pressure, the tunnel will run continuously. Oper-
ation of the pumps during the filling process will extend the running time by decreas-
ing the flow rate into the sphere; to determinc the increase in time, the [ollowing
analysis is made.

The mass {low rate entering the sphere is the difference between that delivered
by the tunnel and the portion accepted by the vacuum pumps, i.e.,

=m, - ﬁp slugs/seé ‘ ; (24)
whefe ' “
_ my 15 now the tunnel mass flow rate,
mp is the mass flow rate acceptedlby the ﬁumbs.

As the pump volume flow rate is a function of 1nlet pressure, the mass flow
~accepted by the pumps w1ll also vary with 1nlet pressure° ' :

ﬁlp"DV:—czﬁ%'E o o _ (25)

Making this substitution into Eq (24) and then solving for the pressure rise
of the sphere with time, one obtains

. v (P - Pi)

~
4

mo+';Lﬁ(B-CP)]

In this expression the tenperature depends upon the pressure.
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Recalling that we have assumed an adiabatic filling process, the relation
between temperature and pressure may be expressed as

P
Teyty | ——F—m (21)
o <l” ﬂ) |

which is noted to have & maximum of y Ty as initial pressure goes to zero. Figure
16 presents the sphere temperature rise.

The time to reach a given pressure can now be determined as a function ol
tunnel mass flow rate. This is shown in Figure 1Y where the mass [low rate is pre-
sented in slugs per minute, and the initial conditions are a sphere pressure ol 2
mm Hg and sphere temperature of 540°R. Thc dushed lines of the curve indicate the
pressure vs. time relation of Eq (21), when all the tunnel flow is ducted to the
sphere; the solid curves indicate pressure - time relations when all the vacuum
pumps are operating.

If the mass flow rate is 2 slugs/minute, Figure 17 shows that operating the

" pumps during the filling process will extend the time to 30 mm Hg sphere pressure
from slightly more than a minute to more than seven minutes. Note also that at the
" low mass flow rate of 1 slug per minute, the tunnel will be able to run. continuously
if the drop-out pressure is greater than 16 mm Hg. Based on this curve, then, size-
able extensions of run time may be expected, provided that power is available to
operate all the vacuum pumps. -

It is fortunate that the criterion for continuous or extended running time,
low mass flow rates, also lowers the required heater power, thereby increasing the
possibility of extending the duration of the tests. 'The precise evaluation of the
conditions required to extend run times, however, must await actual operation of
the facility.

’ STREAM PROPERTIES

Because of the high Mach number, moderate stagn&tion temperature operation of
this facility, some comments are in order concerning the properties of the air
stream. .

To obtain the stream properties based on an isentropic expansion from the stag-
" nation conditions,  the perfect gas ratios must be modified to account for the exci-
tation of the vibrational energy made above stagnation. temperatures of 1000 °R. Cor-
rections to the perfect gas ratios may be obtained from Reference 7. These cor-
rections have been used, when applicable, to all the calculations in this report.

In Figure 18, the free stream Reynolds number per foot .is presented. Besides
corrections for a thermally perfect gas being required to obtain free stream denmsity,
the viscosity must also be altered from the usual Sutherland's viscosity relation.
The Sutherland's viscosity law holds for temperatures above 180°R; as the stream
static temperatures can be below 100°R, a more eppropriate viscosity relation is
that of Bromley-Wilke, Reference 8. This relation is presented in Figure 19 and
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has been used in the Reynolds number calculations of Figure 18 whon static temper-
atures were less than 180°R. Above this temperature, the Bromley-Wilke's and

Sutherland's viscosity expressions coinclde.

In order to amssess the possibility of air liquefaction in the air at low
temperature, the vapor pressure of air must be known for the pressure and temper-
ature ranges obtained in the stream, No experimental data exists at this time for
the vapor pressure of alr in these ranges; therefore, the pure oxygen and pure
nitrogen vapor curves of Reference 9 are given in Figure 20.

Observations of the allowable degrees of supersaturation in hypersonic streams
vary from 0° to 30°R depending upon the particular facility and experiment. The
reasons for the large discrepancles are variously attributed to condensation of
nuclel upon water vapor, carbon dioxide, dust particules and to measurement tech-
niques (i.e., the inability to sense the onset of condensation)., At this stage,
it appears that while some emount of supersaturation can bc supported, the actual
value for this facility must await the results of the initial test program.

V. SUMMARY

The Twenty-inch HWT of the Aeronautical Research Laboratories is a complex in-
stallation that requires close examination of the design criteria in order to cobtain
the maximun performance from its many components. Based on the initial specifi-
cations of a facility to operate intermittently over a Mach number range from 8 to
1k, and to be as large as possible in order thet relatively large size mndels could
be tested, the present configuration evolved.

The intermittent operation required a vacuum sphere to provide the proper presa-
sure ratio across the nozzle, but allowed a relatively small (compared to delivered
volume flow rates at M = 8, for example) vecuum pumping station to be used to evacu-
ate the sphere. Blow-down operation also fitted in with the requirement of separate
operation of the vacuum pumpe and air heater because of insufficient available elec-
tric power for simultaneous operation. However, a potential problem area, the me-.
chenical design of a by-pass system with a valve that must operate freely against
pressures of 2500 peia and temperatures of 2800°R was introduced by this intermittent
operation, .

Besides the obvious increases in mass flow rates and power requirements with
size of the facility, direct influences upon the design of the air heater, the noazzle,
and the diffuser are felt due to size alone., In order to fit within the laboratory

area:

(1) The air heater must be designed with a high power density
to minimize its length.

(2) ‘The contoured nozzle must be as short as possible (this also
has the advantage of keeping boundary layer at a minimum).

(3) The diffuser must have the minimum length of constant area
section. :
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These design compromises have been examined and result in the configuration of the
facility that has been considered.

In addition to the presented performance data for the various systems, the
operational characteristics of the Twenty-inch HWT are given. The mass flow rates
and povwer reqguirements are well defined once the throat area is fixed; however,
several characteristics cannot be established until actual operation of the wind
tunnel. %he curves for run time and volume flow rate are given as a function of
the recovery efficiency 7, which is unknown at this time; although the strong in-
fluence of 1 upon run time, volume flow rate, and hence, possible continuous opera-
tion, can be observed.

With repgard to continuous running, estimates have been made of the ceffect of
operation ol the vacuum pumps during the Llow-down period. [or low mass flow rates,
it appears that the vacuum pump operation can result in extended run times and
possibly, continuous running oi the facility. The requirement of low mass tlow
rate also means that low power is necessary, hence, even without an increase in
the available clectric power, extended runs may be possible.

Other characteristics of the facility have been examined. For example, the
evacuation rate of the sphere for various pump combinations, Reynolds number range
capabilities and stream properties have been presented in the appropriate curves.

Liquefaction effects cannot be resolved until operation of the facility begins.
It is spparent from previous work that some amount of supersaturation of the air
components can be tolerated, but the exact amount appears to differ with facilities.
- If large degrees of supersaturation can be obtained in the fmeility, the Reynolds
number operating range may te extended, and the heater life increased by operating
at lower temperatures.

This report, then, has considered the basic design and performance of the
Twenty-inch IMT at ARL. By presenting the performance of the components and the
characteristics of operation of the wind tunnel, this report cen serve as a guide
for the planning of research programs in the facility.
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APPENDIX

AIR HEATER ANALYSIS

In the previous discussion of the air heater, consideration was given to the
design criteris which led to a heater of a given configuration. After & seriles
of calculations which determined the proper power distribution, wire surface area,
and heater cross-section required to pruvide a safe heater design, the final con-
figuration of the heater was set. The method used for the calculation is the sub-
Jject of this Appendix.

Consider & heater made up of many identical elements connccted in series. For
this heater the following is assumed known:

(1) Total power to be dissipated

(2) Diameter of the wire used in the elements
(3) Length of the wire used in the elements
(4) The cross-sectional area of the heater box
(5) The temperature of the entering air

The problem 1s to heat a given mass flow rate of air to the design temperature with-
out exceeding the maximum wire temperature recommended for continuous running.

For a given . mass flow rate, the total power required to heat the air to the
desired temperature is determined from

Qg = m (hout = hyn) (A-1)

With this total power fixed, the power supplied to each element can be obtained. As
the wire surface area that is available to dissipate the power is known, the wire
temperature of the first element can be found from the expression

Q'= B A (Twire - Tair) (A-2)

where
Q is the power applied to the first element

Tgip 18 the air temperature after absorbing the applied power
{from Eq (A-1))

he is the convective heat transfer coefficlent

A i3 the wire surface area
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The convective heat transter coefficient, h;, can be estimated from the empirical
relaticne governing fluid flow over a bank of staggered cylinders, from any heat
transfer text,

h, = 0.26 };—f- Re:6 Py 33 (a-3)

For convenience, Eq (A-3) may be rewritten in terms of the fluid properties Cps M,
and k, and the mass flow rate n:

0.6 0.33 '
x . M Cp
£f{ mD f f
h, = 0.26 ﬁ—<im> < X, > (A-Y4)

D is the diameter of the wire used in the element,

where:

Ay is the minimum area of the heater box.

Subscript f refers to the evaluation of the fluid properties
at the film temperature Ty, defined as

Twire + Tair

Tf = ——'—2 (A“S)

Note that the definition of the film temperature prior to solution of Eg (A-2)
for the wire temperature implies an iteration procedure. This procedure does not
complicate the analysis.

The above equations give the required information about the first element,
i.e., the air temperature after heating by an amount Q and the wire temperature
required to transmit the power Q to the alir by convection. Each element may be
handled in like manner; however, when the power density, Q/A, is constant, it is
sufficient to examine only the first and last elements of the heater.

For the last element, the alr temperature at the exit is given by A-l; there-
fore, applying Eq (A-2) with the proper h, provides the wire temperature. As long
as this wire tempersture is less than the maximum gllowable, the heater will be
safe. If the wire temperature exceeds the allowable temperature, changes in the
heater must be mede, for example, a decrease in the power demsity. Equation (A-2)
indicates that a decrease in power density will lower the difference beiween the
wire and air temperature. Various combinations of the design parameters may be
tried until the proper conditions are found.

The above analysis applies to a heater of constant powar density. It has been

cbserved that when the maximum heated air temperature is approached, the required
wire temperature can exceed the allowable temperature unless the power density is
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low. As & low power density, which requires much wire surface area to dissipate
the total power, results in a heater of excessive length, it is advantageous to
develop a heater with a varying power density.

The design procedure for a heater of varying power density follows along simi-
lar lines. Each section of constant power density may be treated by the above pro-
cedure, the exit condition for the first section being used as the entrance con-
dition for the second section and so on. In this manner, electric power is trans-
mitted into the air stream until the total power, defined by Eq (A-1); is used to
heat the stream to the desired level. To allow control over the entire range of
temperatures, at least one of the sections must have a fully variable power supply,
the other sections may be simply designed to produce a constant power.

EVACUATION RATE OF SPHERE

To determine the evacuation rate of the sphere using the Allis Chalmers vacuum
pumps, the following analysis, based on an isothermal process is used.

The mass of the sphere of volume v at any time is given by
m = pv slugs (B-1)
For an isothermal process the time rate of change of this mass

. v aP
n = RF at slugs/sec (B-2)

The vacuum pumps can evacuate a given mass of the alr in the sphere, depending upon
the volume flow rate V of the vacuum pumps:

m=pVs= é% V slugs/sec (B-3)

The vacuum pumps, however, have a flow rate dependent upon the pump inlet pressure,
of the form

V=¢C - % £t3/sec (B-1)

Where the constants B and C can be found from the general expression for the Allis
Chalmers two stage pumping configuration:

P
ng (63,200 - 157 5= )
V= £t3/sec (8-5)

60 [l + 20.05 ;%]

23



Hence

Ba—2""% (B-6)

n
60 [1 + 20.05 ——]
ny

65,200 np

C=

60 [1 + 20.05 ;23:]

Equating Eq (B-2) and Eq (B-3) after substitution of Eq (B-!) gives the differential
eauation:

= = dt (B-7)

e 1
P(c-p) ¥

With the condition that ¢ = 0 when P = P;, the initial pressure, the solution of
Eq (B-7) 1s

i
v

P=3+(P1-Pe (-8)

This general expression may be used to determine the evacuation rate of the sphere
for any number of vacuum pumps in the first and second stages.
CALCULATION OF RUN TIME

In order to be able to compute the time available for testing, the rate of
pressure increease in the sphere with time must be known. The derivation of the time
rate of change of the sphere pressure for the case where the constant tunnel mass
flow rate exhausts into the sphere is now considered.

The first law of Thermodynamics may be written

oQ = OE - oW (c-1)
where
5Q is the heat transferred to sphere
OE is the internal energy change within sphere

oW is the work done by the added nass
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Considering the sphere ['illing process as an adiabatic process,

6Q=O:
hence

BE = oW (c-2)
With constent specific heats, the left side of Eq (C-2) becomes

R R R, = Cme (o~
BE = B - By =me, T - my c, Ty {G-3)

t

where the subscript i refers to the initial sphere condition. As the mass in the
sphere can be written as

m=pv==>.v and = El- v {c-4)
PV = &7 ™ ® RT
Equation (C-3) becomes
Cy V
R (c-5)

The work done by the added mass can be expressed as

&

W2 X

B+gz+Z| tm . (c-6)

where
h is tbe enthalpy
2
=— the kinetic energy
2g
Z the potential energy
tm the added mass = ht

The changes in kinetic and potential energy are negligible, therefore the work may
be expressed as

OW=hit=cpTgmt (c-7)
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vhere the enthalpy has been evaluated at the (emperature downstream of the heat
exchanger Ty. Fquating Eq (C-5) and Eq (C-7):

ey V ' )

-—R—' [P - Pi} = Cp TH mt (C’B)
Therefore

= ;Tﬁgﬁﬁﬁ [P - Pi] seconds (c-9)

The pressure is ooserved to increase linearly with time. The duration of the test
will depend upon the sphere pressure which will support isentropic rlow through the

nozzle.  Expressing this Lerminating pressure as
Pte
P= n P—o"- PO (C-lO)

where 1 is the recovery efficiency and Pt2/P0 is the normal shock total pressure
ratio, Eq (C-9) becomes the time to arrive at drop-out pressure.

P
v Py ty Py
tTymwry |MF, TF, (c-11)
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